Keywords: residual stress, precipitation hardening, quench sensitivity, 7000 series aluminium alloys Abstract. To produce useful strengthening, precipitation hardenable aluminium alloys rely on rapid quenching from the solution heat treatment temperature to suppress the formation of coarse equilibrium second phases. An unavoidable consequence of the rapid quenching of thick sections is the severe thermal gradients that quickly develop in the material. The attendant inhomogeneous plastic flow can then result in the establishment of residual stresses. The surface and through thickness residual stress magnitudes present in heat treated high strength aluminium alloy components are frequently reported to exceed the uniaxial yield stress of small specimens of the same alloy measured immediately after quenching. In thick section plate and forgings it is proposed that these high residual stress magnitudes are a consequence of hardening precipitation that occurs during quenching which allows for a greater elastic stress to be supported. To investigate this theory, thick sections of the quench sensitive alloy 7175 and the less quench sensitive alloy 7010 were heat treated in such a way as to allow the internal hardness to be measured immediately, after quenching. The rate of cooling was also monitored during quenching and these data were used in conjunction with time temperature property data to predict the degree of precipitation and subsequent loss of hardening potential in the fully heat treated condition. The magnitudes of the residual stresses induced during quenching were determined using standard x-ray diffraction techniques.
Introduction
The magnitude of the residual stress introduced during rapid quenching of heat treatable aluminium alloys is limited by yielding of the material. It is assumed that the yielding that gives rise to residual stresses occurs during the quench where and when the flow stress of the material is lower. However it is expected that the yield stress of the material at ambient temperature directly after quenching must set absolute limits on the magnitude of residual stresses. [1] This is observed in practice with stronger more highly alloyed materials developing higher residual stress magnitudes. In precipitation hardenable alloys, the role of solution heat treating is to form a supersaturated solid solution which is then retained, as far as possible, to room temperature by rapid quenching. Solid solution strengthening makes a major contribution to the room temperature strength of the material in this condition (the other major component arising from the polycrystalline aggregate). 7000 series aluminium alloys are alloyed with zinc, magnesium and copper. These alloys can be quench sensitive, where precipitation occurs during quenching. This loss of solute is generally undesirable because the alloy now has reduced hardening potential when aged. The precipitates that form during quenching are normally considered as non hardening because they most likely correspond to the equilibrium phases expected and these are usually ineffective hardeners. However it is conceivable given the right circumstances that precipitates with the size and volume fraction to be effective strengtheners could form during quenching. This would give rise to a higher as quenched room temperature yield stress which in turn would allow higher residual stress magnitudes to be supported. This implied link between residual stresses and quench sensitivity is explored in this paper. The circumstances that could give rise to strengthening precipitation during quenching would be an extended period of cooling at temperatures between 250 and 150 °C. For cold water quenched (CWQ) components this is more likely in thick sections. To investigate the possibility of precipitation during quenching influencing the magnitude of residual stresses two 7000 series alloys were quenched in a variety of configurations. One of the alloys was more quench sensitive (7175) than the other (7010). To aid interpretation, specimens were also made from the non heat treatable alloy 5083. The degree of precipitation was assessed by Vickers hardness testing and microscopy. The influence of quench sensitivity was determined using quench factor analysis. [2] Experimental Procedures Four 50x50x160 mm blocks were machined from wrought 7010 and 7175 products, two from each alloy. These were tightly bound together using thin stainless steel straps to make a 100x100x160 mm composite block. This block was subject to repeated cold water and boiling water quenches (BWQ) from 475 °C. The as quenched hardness values on the interior and exterior surfaces of the separated blocks were determined. No natural ageing was allowed to occur during these measurements. The blocks were artificially aged into a T6 type condition and overaged into a T7x type condition to allow quench factor analysis. Other 7010 and 7175 blocks with cross section 50x50 mm were further sectioned into 2, 4, 8, 16, 25 and 50 mm slices. These were solution heat treated and cold water quenched. Cooling curves were generated by inserting shrouded thermocouples into 1.0 mm diameter holes drilled to the centre of the slice.
Uniaxial residual stress magnitudes were determined using the local strain x-ray diffraction technique (XRD). Residual stresses were determined from the geometric centre of faces using a Philips X'Pert x-ray diffractometer. All x-ray measurements were recorded on as heat-treated surfaces. Scan parameters were controlled using Philips X'Pert Data Collector (V1.2a) software with 2θ values chosen to encompass the CuKα doublet for the {422} planes: 135° ≤ 2θ ≤ 139°. Sixteen scans were performed for each measurement using evenly distributed ψ angles within the range 0 ≤ ψ ≤ 60°. The resulting spectra were analysed using Philips X'Pert Stress Software. The sin 2 ψ technique was used with a ½S 2 value of 19.07x10 -12 m 2 /N assumed for the {422} plane. The Pearson VII technique was used to calculate the peak position on the diffracted intensity plots. The errors quoted are fit errors of the d versus sin 2 ψ plots calculated by the software. Specimens for transmission electron microscopy were made by cutting 3 mm discs from locations near the surface of a 50x50x160 mm and a 50x50x10 mm 7010 block. Specimens were thinned to electron transparency by electro-polishing in a 30% nitric/methanol solution cooled to -20 °C, and examined in a Jeol2010 operated at 200 kV. Samples were prepared immediately after quenching to minimise the amount of natural ageing.
Results
Cooling during quenching of the 4 strapped blocks was estimated by taking a solid 100x100x160 mm block and inserting thermocouples into the centre and 1 mm away from a 160x100 mm surface. These cooling curves are shown in Fig. 1 . The hardness values from quenched face to core measured immediately after CWQ and BWQ are displayed in Fig. 2 .
Close to the quenched face, cooling is expected to be similar to the surface cooling curve shown in Fig. 1 , and in the interior, cooling will be described by the core curve. Despite these different cooling curves the CWQ hardness values only varied slightly as a function of depth into the block, Fig. 2 , with the more quench sensitive 7175 being softer in the core. BWQ results in much slower cooling and this is reflected in the hardness of both alloys being significantly softer when compared to CWQ.
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Residual Stresses VII, ECRS7 Ageing the CWQ blocks produced the expected large increase in hardness, Fig. 3 with the edges of the samples being harder than the core. Quench factor analysis of the core and surface locations predicted a core hardness of 186 HV20 for 7010T76 and 161 HV20 for 7175T73. Surface hardness was predicted to be 188 HV20 for 7010T76 and 169 HV20 for 7175T73. The residual stresses were measured on these faces with exterior faces of the 7010 blocks being 180-190 MPa compressive, while the 7175 blocks were 140-150 MPa compressive. Interior faces were also measured and these were 100-120 MPa compressive for both alloys.
The cooling curves of the 50 mm square slices are shown in Fig. 4 . The hardness measurements taken from the centre of the faces of these slices immediately after quenching are shown in Fig. 5 and after ageing in Fig. 6 . A significant increase in hardness was detected in the CWQ condition for both 7000 series alloys as the thickness of the slice increased. 32 mm square slices from the non heat treatable 5083 alloy were processed the same way and these slices also demonstrated a change in hardness as the thickness increased. The error bars in Fig. 5 and Fig. 6 are ±1 standard deviation calculated from multiple indentation measurements (>10). Allowing the 7010 slices to naturally age for 168 h (7010W) did not remove the variation with thickness but artificial ageing into the 7010T76 and 7175T73 condition did reduce the variation. Quench factor analysis of the slices (which could only predict core hardness values as this was the location of the thermocouple probe) resulted in the hardness values plotted in Fig. 6 .
Transmission electron microscopy was performed on CWQ 7010 material cut from blocks 50 mm (112 HV20) and 10 mm (87 HV20) thick to determine if microstructure could account for the 30 % difference in hardness. Examination of the large block specimens revealed a microstructure containing coarse constituent phases, inhomogeneous distribution of spherical dispersoids of Al 3 Zr, individual and networks of dislocations and subgrain boundaries, which in certain instances were decorated with particles. No evidence of transition precipitates capable of hardening the material was detectable in bright field images or selected area diffraction patterns taken from the matrix. Examination of specimens cut from 10 mm thick CWQ quenched material revealed a microstructure identical to the thicker samples. The only difference was the smaller number of single dislocations but it cannot be stated that this was a significant difference due to small volume of material sampled.
X-ray diffraction residual stress measurement carried out on the 50 mm square slices (32 mm for 5083) confirmed the presence of large residual stresses in the surface of the slices. Multiple measurements were made on the specimens after repeated heat treatments to assess the repeatability of the data, Fig. 8 . The surface residual stress present in the 2 mm thick samples was tensile which was unusual as the surface is nearly always compressive as was the case for the 5083 alloy. As the thickness increased the residual stresses became compressive with both 7175 and 7010 following similar trends.
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Residual Stresses VII, ECRS7 The residual stress present in the 50 mm samples was -180 MPa. The largest residual stress present in a 5083 sample was -140 MPa. These residual stress magnitudes follow the expected pattern in that as the thermal gradients during quenching increase, so does residual stress. The most likely reason for tensile residual stress in the 50 mm square 2 mm thick 7010 and 7175 specimens is rapid cooling in the corners compressing and yielding an internal disc, which upon subsequent cooling is stressed into tension. As the material gets thicker the disc becomes an internal volume and the surface residual stress becomes compressive. 
Discussion
Cold water quenching the 7000 series alloys in this investigation results in a microstructure primarily strengthened by solute in solid solution. If these alloys are annealed to promote precipitation of the equilibrium phase at a temperature at which the precipitates will be too large to be effective strengtheners, the hardness of 7010 and 7175 are 52 HV20 and 61 HV20 respectively. In contrast, when rapidly quenched after solution heat treatment the hardness of these alloys correspond to those values shown in Fig. 5 . Indeed if an even thicker section is quenched the hardness increases even more. To illustrate this, a forging with thickness 123 mm was CWQ and the surface hardness was 126 HV20. This is not just of academic interest because the strength of the material will influence the magnitude of the maximum residual stress that can be supported. The question then arises as to what is causing the increase in resistance to indention as the thickness increases? Work hardening is a possible candidate but significant shape changes and the presence of multiple dislocations would be expected if this were the case. It is possible that precipitation during cooling could give rise to precipitation of hardening phases but the size of specimens investigated here and the quench sensitivity data would seem to suggest that this is an unlikely scenario. No microstructural evidence supporting precipitation during quenching was detected. The fact that the 5083 specimens displayed similar behaviour also rules out precipitation hardening as this alloy does not form second phase particles. It is more likely that the cause of the hardness variation is through the influence of the residual stress on the indentation itself, a phenomena sometimes used to estimate residual stresses [3] .
Conclusions
In this investigation it has been found that the as quenched hardness of 7010 and 7175 is a function of specimen geometry, specifically section thickness. As the thickness of 50 mm square slices increases from 2 mm to 50 mm the as quenched hardness increases by 43 % for 7010 and 25 % for 7175.
The reason for this increase in hardness is unlikely to be due to hardening precipitation occurring during quenching due to the rapidity of the quench for all sizes examined. No other metallurgical strengthening mechanism can account for this increase in hardness. The increase in hardness is most likely due to the presence of the biaxial residual stress in the material surface influencing the size of the indentation during hardness testing. Resistance to indentation is an unreliable measure of a materials true hardness when in the presence of a residual stress. Conversely these results do confirm that it should be possible to gain a rough estimate of the magnitude of the residual stress by indentation hardness testing as long as steps are taken to minimise the influence of natural ageing.
